We study the influence of Alizarin Red S deprotonation on molecular self-assembly at the solid-liquid interface of the natural cleavage plane of calcite immersed in aqueous solution. To elucidate the adsorption details, we perform pH dependent high-resolution atomic force microscopy measurements.
Introduction
Self-assembly of organic molecules constitutes a powerful strategy for creating functional materials with tailor-made properties.
1 Consequently, molecular self-assembly on surfaces has been studied intensively for fabricating functional molecular devices on surfaces.
2,3 So far, most of the work based on high-resolution imaging has been carried out in the welldened environment of ultra-high vacuum (UHV). The UHVbased approach offers the advantage of a straightforward data interpretation and easy comparison with theoretical work. Future applications, however, will require the knowledge of molecular structure formation under realistic, i.e., ambient or liquid conditions. In this case, the presence of water and airborne molecules can signicantly alter the delicate balance of intermolecular and molecule-surface interactions that govern the resulting molecular structure at the surface. For molecules that can deprotonate in solution, the pH is an important parameter that can be exploited for tuning the moleculesurface interaction.
Here, we present a molecule adsorption study in an application-oriented, liquid environment. Due to recent progress in atomic force microscopy, [4] [5] [6] it is nowadays possible to image the solid-liquid interface in direct space with molecular-scale resolution. High-resolution atomic force microscopy (AFM) images taken at the solid-liquid interface at various pH values offer unprecedented insights into the binding conguration of the organic molecule at the surface as a function of the molecular protonation state.
In this study, we investigate the adsorption of 3,4-dihydroxy-2-anthraquinonesulfonic acid sodium salt (Fig. 1a) , commonly known as Alizarin Red S (ARS), onto the (10.4) cleavage plane of calcite (Fig. 1b) , the most stable modication of calcium carbonate, CaCO 3 . ARS is a widely used dye 7 that nds applications in, e.g., histology for staining bones 8, 9 as well as geology for differing and separation (otation) between calcite and other calcium-containing rocks. 10, 11 In these and other applications, the adsorption of ARS onto the surface and especially the interaction with the calcium ions are the key aspects for understanding the mode of action. 12, 13 ARS is known to form complexes with Ca 2+ ions in solution but also at the calcite surface. 14, 15 The interaction between ARS and calcite is evident from CaCO 3 crystallization experiments in the absence and presence of ARS as shown in Fig. 1(c and d) . 16 In the absence of ARS, singlecrystalline rhombohedra form, which can be unambiguously identied as calcite (Fig. 1c) . In contrast, in the presence of ARS distorted polycrystalline material grows (Fig. 1d) .
We study the adsorption of ARS onto calcite(10.4) using frequency modulation (FM) AFM under liquid conditions.
17
Images taken in the acidic range reveal island structures. A transition to needle-like structures is found at a pH around 8, which coincides with a buffer plateau in the titration curves. Consequently, we attribute the structural change to a change in the deprotonation state, elucidating the inuence of the deprotonation state on the structure formation. Our work, thus, demonstrates the decisive inuence of the protonation state on molecular self-assembly.
Materials and methods

ARS
ARS (p.a. quality) was purchased from Merck KGaA (Germany) and used without further purication. Potentiometric titration experiments were carried out using a Metrohm 702 SM Titrino instrument equipped with a Metrohm pH glass electrode (No. 6.0256.100, Metrohm, Switzerland). Standard solutions of CaCl 2 (0.5 M) and NaOH (0.1 M) were obtained from Sigma Aldrich, Germany. Standard solution of HCl (1 M) was purchased from Carl Roth, Germany. We titrated 20 ml of solutions containing no or 0.06 mmol ARS and no or 0.04 mmol CaCl 2 with 0.1 mM NaOH. The ionic strength was kept constant by adding 2 mmol NaCl. An amount of 0.1 mmol HCl was added to better resolve the rst deprotonation step.
The concentration of calcium ions was quantied by measuring the Ca 2+ activity with a pH meter (872 pH lab and electrode No. 6.0256.100, Metrohm, Switzerland) and a calcium selective electrode (No. 6.0508.110, Metrohm). The calcium electrode was calibrated with calcium chloride solutions of known concentrations, ranging from 0.05 mM to 15 mM. The calibration was performed in the presence of HCl and NaCl to guarantee a constant pH and ionic strength, respectively. The pH was monitored with a Schott laboratory pH meter (CG 842) equipped with a BlueLine electrode from Schott (Germany). To study the complex formation of ARS with calcium ions, a 0.1 M ARS solution was added in increments of 50 ml to 100 ml of an aqueous 0.5 mM CaCl 2 solution.
Crystallization experiments were done using the standard ammonia-diffusion method.
18 Calcite crystallites were grown from CaCl 2 solution with and without ARS additive and crushed ammonium carbonate at the bottom of the desiccator. The resulting crystals were examined with a laser scanning microscope (Keyence VK-8710, Japan).
FM AFM in liquids
Liquid AFM experiments were carried out with a modied AFM instrument that has been optimized for frequency modulation imaging at the solid-liquid interface. 17 All images were taken with a closed liquid cell (Bruker Nano Surfaces Division, USA). For each experiment, a freshly cleaved calcite crystal (Korth Kristalle GmbH, Germany) was inserted into the cell and equilibrated with the solution containing the molecules. All experiments were performed in a saturated CaCO 3 solution to prevent dissolution of the calcite sample. The pH was adjusted by adding 0.1 M NaOH solution. As force sensors, we used goldcoated, p-doped silicon cantilevers (PPP-NCHAuD, Nanosensors, Switzerland) with a resonance frequency of about 160 kHz, a spring constant of about 40 N m À1 , and a Q value of around 8 in Milli-Q water (Millipore GmbH, Germany). The cantilever oscillation amplitude was kept constant at values between 1 nm and 20 nm.
Results and discussion
Deprotonation of ARS and complex formation with calcium
The ARS molecule contains two hydroxyls (Fig. 1a) which may donate one proton each. Reported pK a values for ARS are 5.8 for the hydroxyl in position 3 and above 11 for the hydroxyl in position 4. [19] [20] [21] [22] Potentiometric titration of an ARS solution containing 0.06 mmol ARS (Fig. 2a, triangles) gives about the same value (pK a ¼ 5.9) for the rst hydroxyl. The second pK a is not straightforwardly accessible with this method but is clearly above pH 11. When adding 0.04 mmol CaCl 2 to the same ARS solution (Fig. 2a, open circles) , two new buffer levels establish at pK 1 ¼ 4.3 and pK 2 ¼ 8.1. As sodium and chlorine ions are present in all solutions, the only difference in the latter case is the presence of calcium ions. From this comparison, we can conclude that ARS deprotonates much easier, i.e., at lower pH in the presence of calcium ions. This can be explained by complex formation of ARS with calcium cations.
14,15
To study the complex formation of ARS with calcium ions, we titrated an aqueous CaCl 2 solution, which was acidied with HCl, with ARS (Fig. 2b) . Apparently, already at an acidic pH as low as 2.9 the Ca 2+ concentration decreases substantially when ARS is added. This nding shows that the Ca-ARS complex forms already when ARS is still fully protonated. It is reasonable to assume that the strength of the complex increases when ARS deprotonates. This serves as an explanation as to why ARS deprotonation is facilitated in the case of complex formation with calcium. Therefore, we assign the two buffer regions in Fig. 2a (open circles) to the deprotonation of the Ca-ARS complex. The values pK 1 and pK 2 thus correspond to the deprotonation of the hydroxyls in positions 3 and 4 of the Ca-ARS complex, respectively.
In saturated calcium carbonate solution, as used for the AFM experiments, titration yields the same buffer plateaus as in CaCl 2 solution (not shown). Hence, we can precisely control the protonation state of ARS in our AFM experiments by adjusting the pH of the calcium carbonate solution.
Molecular structure of ARS on calcite(10.4) in saturated CaCO 3 solution
To elucidate the inuence of deprotonation on molecular selfassembly, we investigated the molecular structures of ARS on calcite(10.4) in a liquid environment as a function of the pH value. The AFM experiments cover the entire accessible pH range from pH 5 to pH 12 (compare arrows to the right in Fig. 2a) . Below pH 5, the calcite sample is etched and above pH 11, the saturation concentration of the CaCO 3 solution decreases rapidly leading to precipitation. Representative AFM images are shown in Fig. 3 .
At an acidic pH of 5 up to pH 8, we observe molecular island formation (Fig. 3a and b) . The monolayer islands have an apparent height of approximately 1.3 nm and reveal a (3 Â 3) superstructure.
When increasing the pH, a signicantly different structure is observed (Fig. 3c and d) . From pH around 8 up to pH 11 needle-like structures are present on the calcite surface and the molecular islands have vanished entirely. The needles have an apparent height of around 0.7 nm and are aligned along the [01.0] direction. High-resolution images (Fig. 3d) reveal a periodic structure in the [01.0] direction with a repeat distance of 1.5 nm, which is consistent with a (3 Â n) superstructure. above pH 11 precipitation can be seen (e and f). Topography (z) and detuning images (Df) are corrected for thermal drift (Fig. 3b and f) .
Upon further increasing the pH above 11, CaCO 3 precipitation is visible during AFM data acquisition with layer-by-layer growth of the calcite. In the presence of ARS, this leads to a somewhat unusual appearance of the surface (Fig. 3e) . The calcite surface is not at, but several incomplete layers are visible, indicating distorted growth. Despite this distorted growth, an atomically at calcite(10.4) surface can be identied in high-resolution images (Fig. 3f) , conrming the assignment of calcite growth.
The molecular islands revealed at low pH are easily destroyed when scanning at large tip-sample interaction indicating a weak molecule-surface interaction. Whenever an island was removed, a new island formed shortly aer decreasing the tip-sample interaction. In sharp contrast to the molecular islands, the needle-like structures remained stable on the surface also at high tip-sample interaction and it was not possible to deliberately destroy a needle without losing the imaging capability of the tip. This nding indicates a much stronger molecule-surface interaction in the case of the needlelike structures.
To interpret the ndings obtained with FM AFM, we have to consider the protonation state of ARS in dependence on the pH of the solution. ARS possesses two hydroxyl groups in positions 3 and 4. The rst hydroxyl group (position 3) is associated with a pK a value of 5.9 in the absence of calcium ions. When ARS forms a complex with the Ca 2+ ions present in solution, this value is lowered to around pK 1 ¼ 4.3, see Fig. 2a (open circles) . A similar effect can be anticipated for ARS forming a complex with the Ca 2+ ions in the calcite surface. This is conrmed by the fact that the same molecular islands are observed for pH values above and below the pK a of 5.9. Thus, for images taken at a pH around 5 and higher, we expect the hydroxyl group at position 3 to be deprotonated. Upon increasing the pH above the second buffer regime at pK 2 , a structural change is observed. This indicates that the second hydroxyl group (position 4) deprotonates from ARS bound to the calcite surface in a similar way as from a Ca-ARS complex in solution. From this comparison of AFM images at different pH with the titration experiments we can summarize that the molecules forming the islands are deprotonated at the hydroxyl group in position 3. In this state, the molecule can bind towards the calcium cation of the surface via the 3-C-O À group and towards the protruding oxygen atom of the surface via the 4-C-OH group. The needle structure, however, is formed by fully deprotonated ARS molecules. That is evidently clear from the fact that it is exactly the pH region around pK 2 ( Fig. 2a) where the islands disappear and the needles appear. In this congu-ration, ARS can bind to the surface in a much more stable form with both C-O À groups anchoring towards a surface calcium cation. The strengthening of the Ca-ARS complex upon deprotonation is directly observed in our AFM experiments since we nd the needles more strongly bound as compared to the molecular islands. Upon further increasing the pH, CaCO 3 precipitation sets in, resulting in calcite growth. We speculate that rmly bound ARS molecules are responsible for the distorted growth of the calcite sample for pH above 11 similar to what we observed in our crystallization experiments (Fig. 1d) . Moreover, at a pH above 11, calcium hydroxide is known to form at the surface, which might replace the needles. 23 These two effects might explain why the needle-like structures are no longer visible when increasing the pH to very high values.
Summary and conclusions
In conclusion, the pH-dependent adsorption study of ARS onto calcite(10.4) under liquid conditions elucidates molecular-scale details of the binding conguration, governing the subtle interaction interplay that steers molecular self-assembly. When ARS is deposited under liquid conditions, the pH needs to be considered as the protonation state of the molecule signi-cantly inuences the binding towards the surface. At low pH, only one hydroxyl group is deprotonated, resulting in a possible adsorption conguration mediated by the 3-C-O À and the 4-C-OH groups. The islands that form in this case are characterized by a weak binding towards the surface. When increasing the pH above 8, both hydroxyl groups are deprotonated. In this state, the molecules bind towards the surface with two C-O À groups, which allows for forming rmly anchored, needle-like structures. By comparing the molecular structure formation at various pH values, our work elucidates the signicant impact of molecule deprotonation on molecular self-assembly.
